Background: The gamma-isoform of the 14-3-3 protein (14-3-3 gamma) is expressed in neurons, and could be a specific marker for neuronal damage. This protein has been reported as a detectable biomarker, especially in the cerebrospinal fluid (CSF) of Creutzfeldt-Jakob disease (CJD) patients by Western blotting (WB) or enzyme-linked immunosorbent assays (ELISAs). Western blotting for 14-3-3 gamma is not sensitive, and the reported data are conflicting among publications. An ELISA specific for 14-3-3 gamma is not available. Methods: CJD patients (n = 114 sporadic CJD patients, 7 genetic CJD, and 3 iatrogenic CJD) and 99 patients with other neurodegenerative diseases were examined in this study. The CSF samples obtained were analyzed by Western blotting for 14-3-3 gamma, and by ELISA for total tau protein. We evaluated the sensitivity and specificity of the newly developed sandwich ELISA for 14-3-3 gamma.
Background
Hshich et al. [1] reported use of the 14-3-3 protein for diagnosis of prion diseases in 1996. This protein is a reliable marker of rapid neuronal destruction, and has been detected in the cerebrospinal fluid (CSF) of several progressive neurological disorders. The 14-3-3 protein is one supportive and essential marker in the CSF of sporadic Creutzfeldt-Jakob disease (CJD) patients. Periodic sharp wave complexes (PSWC) observed on an electroencephalographic (EEG) recording and the presence of 14-3-3 in CSF are both included in the diagnostic criteria for CJD as supplied by the World Health Organization (WHO) [2] . The 14-3-3 protein is detected by Western blot (WB) in many clinical laboratories; however, conducting a WB assay to detect 14-3-3 is time consuming and expensive because the WB method consists of many steps and requires multiple investigators to discern the protein bands [3] . Thus, the development of a standard 14-3-3 protein assay and a valid criterion for quantitative assessment is urgently required.
The 14-3-3 protein has been reported to be a detectable biomarker, especially in the CSF of CJD patients, by WB or enzyme-linked immunosorbent assay (ELISA). However, the WB to detect 14-3-3 is not very sensitive enough and the data obtained to date differ among reports.
Previous studies have utilized an ELISA to detect 14-3-3 in the CSF [4, 5] (Additional file 1, table S1 ), but four problems were encountered: the number of CJD patients was less than 50; the make-up of the CJD and case-control groups was not clear; the analytic means of the cut-off data for the ELISA were unclear; and the specificity was very low. We attempted to improve upon these four problems and attempted to develop a new, specific, 14-3-3γ ELISA.
We developed a specific ELISA using the gamma isoform of 14-3-3 (14-3-3γ). Additionally, results from the WB and ELISA analyses were compared. We analyzed 124 human prion disease cases and 99 human non-prion disease cases using the 14-3-3γ ELISA and assessed if quantification of 14-3-3 might be helpful in their differentiation.
Methods

Patients
Patients with suspected CJD were recruited from hospitals all over Japan for the purpose of conducting biochemical CSF assays. From more than 300 requests, a follow-up study was performed with 124 CJD patients. The cases were classified as sporadic CJD (n = 114), genetic CJD (n = 7; four cases with a V180I mutation, two cases with an M232R mutation and a single case with an E200K mutation in the prion protein gene), or iatrogenic CJD (dura-associated CJD; n = 3). A total of 114 sporadic CJD patients and 3 iatrogenic CJD patients did not express a prion protein gene (PRNP) mutation. All 124 cases contained MM at codon 129 and EE at codon 219 of the PRNP.
Subjects for the present study consisted of 114 sporadic CJD patients with confirmed CJD diagnosis. All 114 sporadic patients fulfilled the WHO diagnostic criteria for CJD. All sporadic CJD cases were typical with respect to clinical findings, clinical time course, neuroimaging [FLAIR and diffusion-weighted magnetic resonance imaging (DWI-MRI) with high signal abnormalities in the caudate nucleus and putamen, or at least two cortical regions] and PSWCs via EEG.
A total of seven sporadic CJD cases (four males, three females) were definite, and 107 sporadic cases were probable among the 114 sporadic CJD patients. Two cases (V180I; females) were definite cases among the seven genetic CJD cases, and one case was a definite among the three iatrogenic CJD cases.
For control samples, CSF was collected from 99 patients who suffered from one of the following disorders: dementia of Alzheimer's type (DAT; n = 54, 33 male, 21 female), cerebrovascular dementia (n = 7, 5 male, 2 female), Parkinson's disease (n = 5, 4 male, 1 female), progressive supranuclear palsy (PSP; n = 3, 2 male, 1 female), frontotemporal lobular degeneration (n = 2, 1 male, 1 female), Huntington's disease (n = 1; 1 male), corticobasal degeneration (n = 2, both female), amyotrophic lateral sclerosis (n = 3, 1 male, 2 female), limbic encephalitis (n = 2, 1 male, 1 female), mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes (MELAS; n = 4, 2 male, 2 female), paraneoplastic cerebellar disorder/ Lambert-Eaton myasthenic syndrome (PCD/LEMS; n = 2, 1 male, 1 female), temporal epilepsy (n = 4, 1 male, 3 female), mild cognitive impairment (n = 3, 1 male, 2 female), and dementia etiology unknown (n = 3, 1 male, 2 female). Additionally, CSF was obtained from healthy volunteers (n = 4, 2 male, 2 female).
All subjects were examined and CSF samples collected, divided into aliquots, and stored at -80°C until required. All assays were performed simultaneously to avoid repeated freezing and thawing of samples. The CSF samples were used within 1 month of collection.
We previously reported about 21 patients that suffered from early-stage CJD, defined as cases in the 6 weeks following the onset of the disease [6] . We used the CSF samples and clinical findings of these 21 patients. This study was approved by the Medical Ethics Committee of Nagasaki University, School of Medicine (06012755; UMIN000003301), and the participants provided written informed consent.
Analysis of CSF by WB for 14-3-3
The CSF samples were collected, aliquoted, and stored at -80°C until required. All assays were performed simultaneously to avoid repeated freezing and thawing of samples. Immunoassays for 14-3-3 protein were performed as previously described [3] . Polyclonal antibodies specific for 14-3-3γ were obtained from Immuno-Biological Laboratories (18647; Gunma, Japan) and were used at a dilution of 1:500. Polyclonal antibodies specific for all isoforms of 14-3-3 were obtained from Santa Cruz Biotechnology (sc-1657; Santa Cruz, CA, USA) and used at a dilution of 1:1, 000. All samples were analyzed using the same antibody to ensure comparable sensitivities. Protein detection was performed using an enhanced chemiluminescence detection kit (Amersham Buchler Company). Detection of 14-3-3 in the CSF samples was performed as previously described [3] . All assays were performed by two independent researchers.
Analysis of total tau protein in CSF samples
Detection of total tau protein in the CSF samples was performed as previously described [6] .
ELISA detection of 14-3-3 in CSF
We immunized rabbits and mice with eight 14-3-3γ peptides and obtained three monoclonal antibodies (clones #4-#6; additional files 2, table S2) and three polyclonal antibodies (clones #1-#3; additional file 2, table S2). These six antibodies were characterized and the best combination of antibodies for the sandwich ELISA was determined (clones #1 and # 6; Additional file 3, figure  S1 ). The sandwich ELISA for detection of 14-3-3γ was used to analyze CSF samples from 124 CJD patients and the remaining 99 patients with other diseases. The ELISA assay was sensitive enough to detect 14-3-3γ in the range 125-16, 000 AU/ml in human CSF samples. The ELISA plates were coated with antibody and then 50 μl of CSF and 50 μl of sample dilution buffer was added to each well. The samples were incubated for 1 hour at room temperature. Following incubation in the appropriate secondary antibody, samples were reacted with horseradish peroxidase and the optical density of each well at 450 nm was determined using a microplate reader. All processes were completed within a 4-hour period.
Analysis by the real-time QUIC (RT-QUIC) method
Analysis by the RT-QUIC method was performed as previously described [7] .
Statistical analysis
SPSS version 11.0 software was used to perform all statistical analyses. Standard measures of diagnostic test validity were used to identify true-positive, true-negative, false-positive, and false-negative results. The levels of 14-3-3γ in the 124 CJD patients and remaining 99 patients with other diseases were used for these calculations [receiver operating characteristic (ROC) analysis].
MRI Protocol and PSWC on EEGs
We have described the MRI protocol and PSWC on EEGs previously [6] .
Results
Detection of 14-3-3 by WB in CSF samples
In the CJD group, 14-3-3 was detected in all CSF samples (n = 124; Tables 1 and 2 ). The 14-3-3 protein was detected in two non-CJD patients with DAT, one with CVD, two with Wernicke's encephalopathy, and three patients with limbic encephalitis. The WB sensitivity and specificity for 14-3-3γ in CJD patients was 87.1 and 84.8%, respectively (Tables 1 and 2 , Figure 1 -a, b, c). In other hand, WB sensitivity and specificity for all isoforms of 14-3-3 in CJD patients was 91.4 and 78.8% (Tables 1 and 2 ).
Detection of total tau protein in CSF Samples
The levels of total tau protein in CSF were determined in 223 patients, and significant differences were observed among individuals (Tables 1 and 2 ). The level of total tau protein was highest in the CJD group, ranging from 1, 048-146, 087 pg/ml (mean ± SD, 7, 174 ± 6, 558 pg/ml). The CJD patients expressed higher levels of total tau proteins compared with patients suffering from other neurological disorders patient (p < 0.01; Tables 1 and 2, Figure 1 ).
Detection of 14-3-3 in CSF samples by ELISA
The levels of 14-3-3 in CSF were determined in 223 patients, with significant differences observed among individuals. The level of 14-3-3 was greatest in the CJD group, ranging from 135-75, 373 AU/ml (mean ± SD, 263, 549 ± 21, 525 AU/ml; Table 2-a). In the DAT group, the concentration of 14-3-3 was between 0-2, 410 AU/ml (mean ± SD, 1, 537 ± 751.2 AU/ml). The CVD group exhibited levels similar to those in the DAT group, with a range of 521-1, 512 AU/ml (mean ± SD, 975.9 ± 332.4 AU/ml). The level of 14-3-3 in CJD patients was also higher compared with patients suffering other neurological disorders, including the CVD and DAT groups (p < 0.01). A cut-off (1, 683 AU/ml) was determined by an ROC curve (Figure 1-a) . The sensitivity and specificity for detection of 14-3-3 in CJD patients was 95.2 and 72.7%, respectively (Tables 1 and 2 , Figure 1 -a, b, c). We were able to demonstrate that these ELISA results were reproducible (additional file 4, figure S2-a, b) 
Analysis of biochemical markers in 21 early-stage CJD patients
We previously published a report outlining 21 subjects that suffered from early-stage CJD, which was defined as cases in the 6 weeks following the onset of disease [6] . The sensitivities for detection of total tau protein and 14-3-3 in CSF were analyzed to determine their usefulness as diagnostic markers of early-stage CJD. Total tau and 14-3-3 proteins were detected in 95.2 and 76.2%, respectively, of the early-stage CJD patients. In all 21 patients, the data exceeded the cut-off data (> 1, 683 AU/ml) for the 14-3-3 ELISA (Table 3) . Additionally, DWI-MRI was used to positively identify 90.5% of these cases. All cases were able to be diagnosed using a combination of DWI-MRI and 14-3-3γ ELISA.
5. Analysis of CJD patients where 14-3-3g was not detected by WB yet the concentration of 14-3-3g exceeded the ELISA cut-off level (Table 4) In seven of the 124 CJD patients, 14-3-3γ was not detected by the WB but their values were above the cutoff level (1, 683 AU/ml) as determined by the 14-3-3γ Table 1 The sensitivity and the specificity of ELISA of 14-3-3 γ protein, the detection of 14-3-3 γ protein and 14-3-3a protein in WB methods Figure 1 ELISA analysis of 14-3-3 protein in CSF from patients with CJD and other neurological disorders. 1-a. Receiver operating curve characteristics at different cut-off points for the 14-3-3 ELISA applied to CSF samples. 1-b. Results of the 14-3-3 ELISA analysis in CSF from patients with CJD and other forms of dementia. CJD, Creutzfeldt-Jakob disease; DAT, dementia of Alzheimer's type; CVD, cerebrovascular disorders; PD, Parkinson's disease; PSP, progressive supranuclear palsy; FTLD, frontotemporal lobular degeneration; HD, Huntington's disease; CBD, corticobasal degeneration; PCD/LEMS, paraneoplastic cerebellar disorder/Lambert-Eaton myasthenic syndrome; MELAS, mitochondrial myopathy, encephalopathy, lactic acidosis and stroke-like episodes; MCI, mild cognitive impairment. 1-c. Comparison of CJD patients and non-prion patients.
ELISA (Table 4 ). The clinical courses of disease for the five sporadic CJD patients were longer when compared with the classical CJD patients.
6. Analysis of CJD patients where 14-3-3g was not detected using WB and 14-3-3g concentration was below the cut-off level for the ELISA (Table 5) For seven of the 124 CJD subjects, 14-3-3γ was not detected using the WB method and the concentration of the protein was below the cut-off level (1, 683 AU/ ml) as determined by the 14-3-3γ ELISA (Table 5) .
Five of the genetic CJD patients had the V180I mutation, and the remainder had the M232R slow-type mutation. The clinical courses of the disease in the five genetic CJD patients were longer than for the classical CJD patients.
Analysis of non-CJD patients with positive 14-3-3g
ELISA diagnoses (Table 6) The results from 23/99 of the non-CJD patients demonstrated that the concentration of 14-3-3γ exceeded the cut-off limit. When the concentration of 14-3-3γ was greater than 3, 000 AU/ml, the protein in the samples could also be detected by WB. Patients diagnosed with PCD/LEMS, MELAS, limbic encephalitis, temporal epilepsy, and a part of DAT were pseudo-positive, but negative using the RT-QUIC method.
Discussion
We attempted to develop a sandwich ELISA using combinations of the specific γ-isoform antibodies (clones #1, #2 and #6: additional file 2, table S2), but only one combination of antibodies (#1 and #6: additional file 2, table  S2 ) showed a dose-dependent reaction (Additional files 3, figure S1 -a). The #1 and #6 antibodies reacted with the γ-isoform of 14-3-3.
There are clear advantages for using an ELISA over a WB for the detection of 14-3-3 in CSF samples. The WB method requires many steps for the detection of the target protein, with the WB protocol varying between laboratories. Thus, it is very difficult to obtain consistent data regarding the number, location and intensity of banding patterns. Moreover, the WB method can assay several samples simultaneously. It is an unsuitable method for patients in urgent need of treatment. However, the ELISA method allows for simultaneous processing of numerous CSF samples and appears to be the best method for use in a clinical setting.
In this study, we developed a sensitive and precise ELISA method for the quantification of 14-3-3 in CSF. The ELISA analysis of CSF in CJD patients was stratified by diagnosis category, and indicated a significantly higher 14-3-3 level in definite as well as probable CJD patients, compared to the CSF from patients with other neurological disorders.
Additionally, seven cases were analyzed by ELISA as the protein levels could not be determined by WB. These seven cases were classified into two categories (Tables 5 and 6 ). The first category consisted of samples with a total tau protein concentration exceeding 1, 300 pg/ml, with the concentration of 14-3-3 greater than 1, 683 AU/ml as determined by the ELISA. The second category consisted of samples with a total tau protein concentration less than 1, 300 pg/ml, but 14-3-3 concentration greater than 1, 683 AU/ml according to the ELISA (Table 5 ). All samples from CJD patients were assayed using the WB method for detecting 14-3-3 and the ELISA method for detecting total tau protein. This is because four patients exhibited a positive reaction for total tau (> 1, 300 pg/ml) and a negative reaction for 14-3-3 protein by WB; these four patients were also positive using the 14-3-3 ELISA (Table 4 and 5). We suggest that it might be unnecessary to check for both 14-3-3 and total tau proteins.
The present study varied from previous ELISA studies. In previous studies, all isoforms of 14-3-3 were detected, whereas in the present study we only detected the γ-isoform. The amount of 14-3-3γ was elevated in the CSF of CJD patients, consistent with previous WB studies. In a particular study [5] , an ELISA method that measured all isoforms of 14-3-3 proved to be very useful. However, this system is not commercially available. Additionally, data from the ELISA method cannot be compared to previous results based on the β-or γ-isoform. However, the method described in the present study allows for these comparisons, with high specificity and sensitivity compared to other studies [2] . The differences in sensitivity and specificity for 14-3-3 diagnosis in various studies are likely due to the lack of uniformity between the diseases, as well as the number of diseases associated with 14-3-3. Previous studies [8, 9] have shown that WB sensitivity and specificity for 14-3-3 are useful for diagnosis. However, the ELISA method is standardized, allowing for data comparison between subsequent studies. All ELISA procedures are completed within 4 hours, but the WB method requires 2-3 days. In addition, the ELISA assay can simultaneously analyze 40 samples from eight individuals.
Our previous report identified that the detection of total tau protein combined with DWI-MRI identified 98% of the early-stage cases. Pennington C et al [10] found that all three protein markers in CSF to be highly sensitive at the early stages of CJD, with CSF tau protein having the greatest specificity and efficiency. However, an ELISA to detect 14-3-3 was the most sensitive of the biochemical markers from the same samples. These findings indicate that a combination of DWI-MRI and 14-3-3γ ELISA are the most effective tests for detecting CSF protein markers during the early stages of CJD.
There were two problems with our study: 20 DAT cases identified that the level of ELISA was 3, 000-5, 000 AU/ml, but they could not be detected by WB and these results showed a discrepancy between the 14-3-3γ WB and ELISA (additional file 3, figure S1-a) ; and the specificity of the ELISA was very low (Figure 1 ). In this study we established an ELISA method for the detection of 14-3-3γ in CSF. The levels of 14-3-3 in the CSF of CJD patients were significantly elevated compared with those in other patients with neurological disorders. In various studies, the differences in sensitivity and specificity for detection of 14-3-3 were likely due to the lack of uniformity between the diseases, as well as the number of diseases that are associated with 14-3-3. The detection limit of the γ-isoform by WB was equivalent to 3, 400-4, 600 AU/ml by the ELISA, thus very low levels of 14-3-3γ in the CSF of DAT patients were confirmed using the ELISA (Table 6) .
One of the reasons why the specificity was low was the combination of monoclonal antibodies used in the sandwich ELISA. If we had developed the ELISA using a combination of specific γ-isoform antibodies, such as clone #3, it is likely that the specificity may have been greater.
Atarashi et al. [7] detected the abnormal prion protein in CSF using the RT-QUIC method, with the specificity of the RT-QUIC method at 100%. These findings indicate the promise of an enhanced diagnostic capacity of RT-QUIC in the antemortem evaluation of suspected CJD. The RT-QUIC method has high specificity and moderate sensitivity in suspected CJD cases. Therefore, the cut-off limit for ELISA assay sensitivity was close to 100% because the specificity of the RT-QUIC method was 100%. Differential diagnosis is crucial, in particular because the number of false positive results may increase (Table 6) . Additionally, the subtype of false negative results with human prion disease is also important (Tables 4 and 5 ).
Conclusion
We have established an ELISA that specifically detects 14-3-3γ, and we believe that our ELISA is an appropriate primary diagnostic screening tool for human prion diseases. We think that the combination of an ELISA specific for 14-3-3γ and the RT-QUIC method are the best diagnostic tools that can be used to detect human prion diseases in CSF.
